INTRODUCTION {#s01}
============

Cancer metastases at distant organs require tumor cell adaption. Common adaptive responses include modifications in the tumor microenvironment, as well as changes in the proteome of the tumor itself to sustain cell invasion, survival, and establishment of a distal secondary tumor ([@bib69]; [@bib51]). Several signaling pathways are aberrantly activated in metastatic cancer cells. Among them, the WNT and TGFβ pathways are prominent in promoting metastasis ([@bib40]; [@bib1]). Indeed, the WNT--TCF pathway is essential for dissemination and relapse of metastatic lung adenocarcinoma ([@bib49]) and in supporting breast cancer metastatic colonization ([@bib39]; [@bib21]). Downstream of WNT activation, the transcription factor LEF1 was further pointed out as a crucial effector to support formation of WNT-dependent metastases ([@bib49]). LEF1 expression is also induced by other signals, including TGFβ and mediates breast tumor cells invasion ([@bib46]; [@bib31]; [@bib48]; [@bib42]). The expression of LEF1 protein is also regulated posttranscriptionally, through the presence of a regulatory internal ribosome entry site (IRES) sequence in its 5′ untranslated region (UTR; [@bib22]). Indeed, the oncogenic LEF1 protein is predominantly produced by a cap-independent translational mechanism that requires the recruitment of several proteins to its IRES sequence, namely canonical translation initiation factors and IRES trans-acting factors (ITAFs; [@bib22]; [@bib70], [@bib71]). However, the biological consequences of IRES-dependent regulation of LEF1 expression in the context of breast cancer remain poorly explored.

Translational control of protein expression is now recognized as a crucial component of human cancer development and progression ([@bib65]). mRNA translation requires the pairing between codons in the mRNA and the anticodons of transfer RNAs (tRNAs) within ribosomes. tRNAs are subjected to a variety of posttranscriptional modifications that affect their stability, affinity, and specificity ([@bib11]). tRNA modifications at the wobble uridine 34 (U34) are highly conserved and contribute to translation fidelity by ensuring codon discrimination by tRNA~Lys~^(UUU)^, tRNA~Gln~^(UUG)^, and tRNA~Glu~^(UUC)^ target tRNAs ([@bib26]). The enzymatic cascade catalyzing the modifications at U34 (U34 tRNA anticodon modifying enzymes) has been characterized in yeast and also in higher eukaryotes ([@bib26]). The acetyltransferase complex Elongator, initially described as an RNA polymerase II--associated factor ([@bib52]), is believed to act as the first enzyme in the U34 tRNA modification cascade ([@bib26]). ELP3, the catalytic subunit of the complex, catalyzes the formation of 5-carbamoylmethyluridine (cm^5^U; [@bib5]; [@bib37]; [@bib63]). The subsequent activities of the methyltransferase ALKBH8 (Alkylation repair homologue 8) and URM1 (ubiquitin-related modifier 1) pathway, which encloses CTU1/2 proteins (Thiouridylase proteins 1/2), are then required for addition of 5-methoxycarbonylmethyl (mcm^5^) and a 2-thio group (s^2^) to uridine, respectively ([@bib24]; [@bib44], [@bib45]; [@bib3]; [@bib10]; [@bib19]; [@bib61]; [@bib35]; [@bib50]; [@bib67]). Ribosome profiling experiments with yeast strains lacking these U34 tRNA-modifying enzymes show ribosome accumulation at AAA and CAA codons, suggesting that tRNA~Lys~^(UUU)^ and tRNA~Gln~^(UUG)^ are the targets with the highest biological impact ([@bib78]; [@bib47]), which is in line with data from tRNA overexpression ([@bib12]). Despite their biochemically predicted importance, the role of U34 tRNA modifications in terms of biological impact has been little studied. Recently, the loss of U34 modifications was found to trigger a failure in protein homeostasis in yeast and in nematodes ([@bib47]). Importantly, the loss of Elp3 in cortical stem cells was shown to impair neurogenesis through induction of the unfolded protein response (UPR) resulting from decreased codon translation rates ([@bib32]). In a cancer context, Elp3 expression was increased upon constitutive Wnt signaling in a mouse model of intestinal tumorigenesis, as well as in human colon adenocarcinoma ([@bib30]). Elp3 was critical for Wnt-driven intestinal tumor initiation, at least in part by promoting Sox9 protein translation in order to sustain a pool of Lgr5^+^/Dclk1^+^/Sox9^+^ intestinal cancer stem cells essential for tumor initiation ([@bib30]). Oncogenic pathways apart from constitutive Wnt signaling that rely on U34 tRNA modifications still need to be defined. Importantly, global tRNA levels are significantly elevated in tumors versus normal breast tissues ([@bib53]), and some tRNAs were recently found to be up-regulatd in metastatic human breast cancer ([@bib15]).

Here, we show that the U34 tRNA-modifying enzymes ELP3 and CTU1/2 are up-regulated in human breast cancer, as well as in models of invasive breast cancer. Accordingly, expression of PyMT oncogene in mammary gland epithelial cells elevated Elp3 and Ctu1/2 expression, which correlated with enhanced abundance of thiolated tRNAs. Moreover, Elp3 is required for PyMT-induced breast cancer metastasis in vivo. In vitro, depletion of ELP3 or CTU1 reduces migratory activities of invasive breast cancer cells. Mechanistically, we demonstrate that the ITAF protein DEK, whose expression increases in invasive breast cancers ([@bib55]; [@bib38]), relies on U34 tRNA-modifying enzymes for its translation through its codon composition. As a result, DEK promotes LEF1 protein translation through its IRES sequence, a pathway that leads to the establishment of a LEF1 proinvasive transcriptomic signature in breast tumors. Finally, expression levels of ELP3, DEK, and LEF1 were positively correlated in breast cancer patient samples, and their increased expression was associated with increased risk of metastasis. Together, these data demonstrate that U34 tRNA modifications are required for breast cancer metastases, at least partly by linking the translation of DEK to IRES-dependent expression of LEF1.

RESULTS {#s02}
=======

U34 tRNA-modifying enzymes are up-regulated in breast cancers {#s03}
-------------------------------------------------------------

We measured the expression of ELP3, CTU1, and CTU2 in normal breast tissue or in noninvasive (DCIS) and invasive (IDC) breast cancer patients using tissue microarray analysis. Their expression was enriched in cases of human breast cancer as compared with normal mammary gland tissue, with no preferential association to any specific subtype ([Fig. 1, A--C](#fig1){ref-type="fig"}; and not depicted). In normal mouse mammary gland, we detected a specific expression of Elp3, Ctu1, and Ctu2 in the luminal epithelial layer ([Fig. 1 D](#fig1){ref-type="fig"}). We aimed to explore the potential role of U34 tRNA modification in breast tumor development and metastasis by using the MMTV-PyMT luminal breast cancer mouse model, which spontaneously forms metastases in the lungs ([@bib18]; [@bib36]). We first assessed the expression of the U34 tRNA-modifying enzymes Elp3, Ctu1, and Ctu2 in PyMT primary tumors of 7-wk-old mice. Protein levels of these enzymes were increased in PyMT tumors compared with adjacent tissue, as shown by immunohistochemistry (IHC; [Fig. 1 E](#fig1){ref-type="fig"}). These observations were corroborated in vitro after exogenous expression of the oncoprotein PyMT in normal murine mammary gland (NMuMG) cells. Indeed, PyMT expression significantly increased Elp1, Elp3, Alkbh8, Ctu1, and Ctu2 protein levels ([Fig. 1, F and G](#fig1){ref-type="fig"}). Remarkably, changes in expression correlated with tRNA modification activity, as the thiolation (s^2^) of target tRNA tE(UUC) was increased in PyMT-expressing NMuMG cells ([Fig. 1, H and I](#fig1){ref-type="fig"}). These data indicate that expression of U34 tRNA-modifying enzymes is elevated in cases of human breast cancer and in PyMT breast tumors.

![**U34 tRNA-modifying enzymes are up-regulated in human breast cancer.** (A--C) Tissue microarray analysis of ELP3 (A), CTU2 (B), and CTU1 (C) protein expression in normal breast tissue (*n* = 23) and in samples of noninvasive or invasive human breast cancer (*n* = 35 and *n* = 7, respectively). Representative images are shown. The mean Elp3-specific signal has been quantified and plotted (mean values ± SD; Student's *t* test; \*, P \< 0.05; \*\*\*, P \< 0.001). (D) IHC staining for Elp3, Ctu1, and Ctu2 expression in normal mammary glands of 7-wk-old mice. (E) IHC staining for Elp3, Ctu1, and Ctu2 expression in mammary glands from 7-wk-old PyMT mice. (F) Western blot showing Elp3, Elp1, Ctu1/2, and Alkbh8 expression in control NMuMG cells or after stable expression the PyMT oncogene. pAkt is used as a control to prove that PyMT expression was functional. Total Akt and Hsp90 were used as loading controls. (G) RT-qPCR analysis of PyMT mRNA in control or PyMT-expressing NMUMG cells. Detection of the GAPDH mRNA was used as normalization. The expression of PyMT in control cells was set to 1, and values obtained from PyMT-NMUMG cells expressed relative to it (\*\*, P ≤ 0.01, Student\'s *t* test). (H) Northern blot analysis assessing t:E(UUC) tRNA thiolation in control and PyMT-expressing NMuMG cells. (I) Quantification of t:E(UUC) tRNA thiolation, calculated as the ration of thiolated over nonthiolated t:E(UUC), in control and PyMT-expressing NMUMG cells. Values represent mean ± SD of three independent experiments (\*, P ≤ 0.05, Student's *t* test).](JEM_20160397_Fig1){#fig1}

Breast cancer invasiveness and metastases rely on U34 tRNA-modifying enzymes {#s04}
----------------------------------------------------------------------------

To further investigate the role of U34 tRNA modification in breast cancer development, we inactivated *Elp3*, the first enzyme of the cascade, in mammary epithelial cells (MEC) by crossing the *Elp3^loxP/loxP^* mice (referred to as Elp3^CTR^) with the *MMTV-CRE* mice (progeny referred to as Elp3^ΔMEC^; [Fig. 2, A and B](#fig2){ref-type="fig"}). The mammary gland development appeared normal in Elp3^ΔMEC^, with no apparent defect ([Fig. 2, C and D](#fig2){ref-type="fig"}). The *Elp3^CTR^* and *Elp3^ΔMEC^* mice were then crossed with transgenic *MMTV-PyMT* mice (Elp3^CTR^PyMT and Elp3^ΔMEC^PyMT, respectively). Decreased expression of Elp3 in the mammary epithelium ([Fig. 2 E](#fig2){ref-type="fig"}) led to a significant delay in tumor appearance (average time for tumor appearance is 35 ± 2.64 d in Elp3^CTR^PyMT mice and 49 ± 2.78 d in Elp3^ΔMEC^PyMT; [Fig. 2 F](#fig2){ref-type="fig"}). Also, tumor burden was significantly delayed in Elp3^ΔMEC^PyMT mice compared with control Elp3^CTR^PyMT mice ([Fig. 2, G and H](#fig2){ref-type="fig"}). Interestingly, *Elp3* deficiency did not affect the overall proliferative capacity of PyMT tumors ([Fig. 2 I](#fig2){ref-type="fig"}). PyMT-induced murine breast tumors produce pulmonary metastases in all cases after 100 d. IHC analyses revealed that Elp3 and Ctu1/Ctu2 proteins levels are strongly expressed in lung metastases of PyMT mice ([Fig. 2 J](#fig2){ref-type="fig"}). Strikingly, *Elp3* deficiency in MECs dramatically impacted on metastasis formation. Indeed, whereas lung metastases were detected in 100% of 14-wk-old control PyMT mice, less than half of the Elp3^ΔMEC^PyMT mice showed detectable lung metastases ([Fig. 2 K](#fig2){ref-type="fig"}). Moreover, the number and size of pulmonary metastases were dramatically decreased in the Elp3^ΔMEC^PyMT mice to \<15% of controls (Elp3^CTR^PyMT; [Fig. 2, M and N](#fig2){ref-type="fig"}). This defect was still very pronounced at 16 wk, when tumor burden (primary tumor) is similar to 14-wk-old control PyMT mice. Finally, the expression of the MEC-specific β-casein mRNA was used as a marker of breast cancer cell infiltration to the lung during tumor development. Whereas β-casein expression was detected from 9 wk of age onward in control mice (and 100% of 11-wk-old control mice were β-casein positive), it was only detected from week 14 in Elp3^ΔMEC^PyMT mice ([Fig. 2 O](#fig2){ref-type="fig"}). Together, these data demonstrate that Elp3 is crucially required for metastasis formation in the PyMT model of breast cancer.

![**Breast cancer metastasis relies on U34 tRNA modifications.** (A) IHC staining for Elp3 expression in normal mammary glands from 7-wk-old Elp3^CTR^ or Elp3^ΔMEC^ mice. (B) RT-qPCR analysis of Elp3 mRNA levels in 7-wk Elp3^CTR^ and Elp3^ΔMEC^ mammary glands. Values represent mean ± SD of five different tumors performed in triplicate (*n* = 5; \*, P ≤ 0.05, Student's *t* test). (C) Representative whole mounted normal mammary glands from 8-wk Elp3^CTR^ and Elp3^ΔMEC^ mice. (D) Quantification of terminal end buds (TEB) from whole-mounted normal mammary glands from 8-wk Elp3^CTR^ and Elp3^ΔMEC^ mice (*n* = 5 and *n* = 7, respectively; ns, nonsignificant). (E) RT-qPCR analysis of Elp3 mRNA levels in 7-wk Elp3^CTR^PyMT and Elp3^ΔMEC^PyMT tumors. Values represent mean ± SD of five different tumors performed in triplicate (\*\*, P ≤ 0.01, Student's *t* test). (F) Kaplan-Meier curve showing tumor appearance in Elp3^CTR^PyMT and Elp3^ΔMEC^PyMT mice (*n* = 12 per condition; \*\*\*, P ≤ 0.001). (G) Quantification of total tumor burden in 14 wk Elp3^CTR^PyMT (*n* = 8) and Elp3^ΔMEC^PyMT mice (*n* = 8) or in 16 wk Elp3^ΔMEC^PyMT (*n* = 5). Tumor weight values are expressed as a percentage of the total mouse weight (\*, P ≤ 0.05, Student's *t* test). (H) Quantification of tumors surface in mammary gland of 5, 7, 9, and 11 wk Elp3^CTR^PyMT (*n* = 3 per time point) and Elp3^ΔMEC^PyMT (*n* = 3 per time point) mice based on H&E staining (\*\*\*, P ≤ 0.001, Student's *t* test). (I) Quantification of Ki67 staining in tumors of 7 and 14 wk Elp3^CTR^PyMT and Elp3^ΔMEC^PyMT mice. The percentage of Ki67-positive cells in tumors is expressed (mean values ± SD; five mice per condition). (J) Anti-Elp3, Ctu1, and Ctu2 IHC analyses in metastazed lungs from 14-wk-old Elp3^CTR^PyMT mice. A representative picture is shown. (K) Representative lungs and corresponding H&E staining of 14 wk Elp3^CTR^PyMT and Elp3^ΔMEC^PyMT mice and of 16 wk Elp3^ΔMEC^PyMT mice. (L) Quantification of the number of Elp3^CTR^PyMT and Elp3^ΔMEC^PyMT mice with detectable lung metastases. (M and N) Quantification of the number of lung metastases (M) and surface metastases (N) in 14 wk Elp3^CTR^PyMT (*n* = 9) and Elp3^ΔMEC^PyMT (*n* = 11) mice and in 16 wk Elp3^ΔMEC^PyMT mice (*n* = 5; \*, P ≤ 0.05; \*\*, P ≤ 0.01, Student's *t* test). (O) Quantification of the number of mice with β-casein--positive lung in 5, 7, 9, and 11 wk Elp3^CTR^PyMT (*n* = 3 per time point) and Elp3^ΔMEC^PyMT (*n* = 3 per time point). β-casein mRNA was detected by RT-qPCR using the GAPDH mRNA for normalization purposes.](JEM_20160397_Fig2){#fig2}

As a prominent mechanism supporting breast cancer metastasis, collective invasion has been recently assessed in three dimensional (3D) organoid assays using primary PyMT tumors and was shown to rely on cells exhibiting basal features that arise from luminal progenitors ([@bib6]; [@bib77]). *Elp3* inactivation strongly reduced metastasis of PyMT mammary tumors in mice, therefore tumors of similar size from 9-wk-old mice were dissociated into organoids and grown in 3D type I collagen gel to assess tumor cells invasion. *Elp3* deficiency strongly impacted the number of leader tumor cells in organoids ([Fig. 3, A and B](#fig3){ref-type="fig"}). Moreover, the length of the very few tumor cell protrusions was dramatically smaller in Elp3^ΔMEC^PyMT organoids ([Fig. 3 C](#fig3){ref-type="fig"}). These results indicate that Elp3 promotes tumor cells invasion in *MMTV-PyMT* mammary tumors in vitro.

![**U34 tRNA modifications regulate breast cancer cell invasion.** (A) Representative pictures of ex vivo 3D collagen I culture of organoids from similarly sized 9-wk-old Elp3^CTR^PyMT and Elp3^ΔMEC^PyMT primary tumors. (B and C) Quantification of the number of leader cells per organoid (B) and the mean length of leader cells (C). Data are mean ± SD (*n* = 3 biological replicates per group; \*, P ≤ 0.05; \*\*\*, P ≤ 0.001, Student's *t* test). (D) MCF7 cells were cultured in nonadherent conditions for several weeks and passaged 4 times (M1 to M4). Resulting cells were then cultured in adherent conditions (MCF7-M). Representative pictures are shown. (E) Migration of control or ELP3-depleted MCF7-M cells toward a serum gradient was measured using Transwell assays. The results are expressed as number of migrating cells per field. Values represent mean ± SD of three independent experiments performed in triplicates (\*\*\*, P ≤ 0.001). (F) Western blot showing ELP3, ELP1, CTU1/2, ALKBH8, Vimentin, and E-Cadherin expression in MCF7 and MCF7-M cells. HSP90 was detected for normalization purpose. (G) Migration of control and ELP3-depleted MCF7-M cells toward a serum gradient was measured using Transwell assays. The results are expressed as in E (\*\*, P ≤ 0.01, Student's *t* test). (H and I) Migration of control, ELP3- (H), or CTU1-depleted (I) MDA-MB-231 cells toward a serum gradient was measured using Transwell assays. The results are expressed as in E (\*, P ≤ 0.05; \*\*, P ≤ 0.01, Student's *t* test). (J) Northern blot analysis assessing t:E(UUC) tRNA thiolation in control or ELP3-depleted MDA-MB-231 cells. (K) Quantification of t:E(UUC) tRNA thiolation, calculated as the ratio of thiolated over nonthiolated t:E(UUC), in control and ELP3-depleted cells. Values represent mean ± SD of three independent experiments (\*\*, P ≤ 0.01; \*\*\*, P ≤ 0.001, Student's *t* test).](JEM_20160397_Fig3){#fig3}

To further support the idea that U34 tRNA-modifying enzymes are required for breast cancer cells invasion, we generated a highly invasive breast cancer cell line by growing luminal epithelial MCF7 cancer cells in low-adherent conditions for 4 wk ([@bib17]; [Fig. 3 D](#fig3){ref-type="fig"}). The resulting adherent MCF7-M cells lost their epithelial features (i.e., expressed lower of E-cadherin), expressed mesenchymal-specific proteins (i.e., Vimentin), and were mostly CD44^+^/CD24^−^ ([Fig. 3 E](#fig3){ref-type="fig"} and not depicted). Moreover, MCF7-M cells were more prone to cellular invasion than their MCF7 counterpart, as shown using transwell assays ([Fig. 3 F](#fig3){ref-type="fig"}). Remarkably, ELP3, ALKBH8, CTU1, and CTU2 protein levels were strongly increased in MCF7-M cells compared with their epithelial counterpart MCF7 cells ([Fig. 3 E](#fig3){ref-type="fig"}). Whereas Elp3 depletion in MCF7-M cells did not impact on the expression of EMT markers (unpublished data), it strongly reduced their invasive capacity, as well as their ability to grow as tumorspheres ([Fig. 3 G](#fig3){ref-type="fig"} and not depicted). These observations were corroborated using the invasive breast cancer MDA-MB-231 cell line. Indeed, Elp3 depletion in MDA-MB-231 cells did not interfere with the expression of EMT markers (unpublished data), but strongly decreased the motility of MDA-MB-231 cells, as well as colony formation in a tumorsphere formation assay ([Fig. 3 H](#fig3){ref-type="fig"} and not depicted). Strikingly, depletion of CTU1 led to similar phenotypes. Indeed, CTU1 deficiency did not impact on the expression of either epithelial or mesenchymal markers (unpublished data), but it strongly impaired motility and tumorsphere formation in MDA-MB-231 cells ([Fig. 3 I](#fig3){ref-type="fig"} and not depicted). Finally, Elp3 depletion in MDA-MB-231 cells significantly reduced the abundance of thiolated tRNAs, as evidenced by Northern blot analysis ([Fig. 3, J and K](#fig3){ref-type="fig"}).

ELP3 is required for the expression of LEF1 in PyMT tumors {#s05}
----------------------------------------------------------

To gain more information about the molecular mechanisms by which Elp3 promotes breast cancer invasion and metastasis, we profiled the transcriptome of similarly sized control and *Elp3*-deficient PyMT primary tumors to identify pathways specifically deregulated upon *Elp3* deletion. Total RNAs were extracted from 7-wk-old Elp3^ΔMEC^PyMT or Elp3^CTR^PyMT primary tumor epithelial cells and subjected to high throughput RNA sequencing ([Fig. 4 A](#fig4){ref-type="fig"}). RT-qPCR analysis further confirmed that a selection of identified target mRNAs was indeed down-regulated in *Elp3*-deficient PyMT tumor epithelial cells ([Fig. 4 B](#fig4){ref-type="fig"}). Interestingly, a gene set enrichment analysis (GSEA), using both the KEGG pathways and GO database, highlighted an Elp3-dependent pro-metastatic signature, supporting the fact that Elp3^ΔMEC^PyMT tumors are less invasive than the Elp3^CTR^PyMT tumors ([Fig. 4 C](#fig4){ref-type="fig"}). We next looked for potential loss of oncogenic pathways in the GSEA analysis. We found that genes downstream of the PI3K--AKT and KRAS pathways (i.e., which are known to be hyperactivated after PyMT expression), as well as genes downstream of the WNT pathway, were significantly down-regulated in Elp3^ΔMEC^PyMT samples ([Fig. 4 D](#fig4){ref-type="fig"}). Strikingly, these analyses highlighted a very significant and specific Lef1-dependent signature (normalized enrichment score = --1.88; P \< 0.001) that was missing in Elp3-deficient PyMT tumor cells ([Fig. 4, D and E](#fig4){ref-type="fig"}). Given the described importance of Lef1 as mediator of chemotactic invasion during lung adenocarcinoma metastasis ([@bib49]), as well as in breast cancer cells ([@bib20]), we surmised that disrupted Lef1 expression or function may underlie the decreased invasiveness of tumor cells lacking Elp3. Remarkably, Lef1 protein but not mRNA levels were indeed strongly decreased in Elp3^ΔMEC^PyMT tumors compared with Elp3^CTR^PyMT ([Fig. 4, F and G](#fig4){ref-type="fig"}). Consistently, mRNA levels of four Lef1 targets identified in our RNaseq experiments (Pik3r5, EphB2, PdgfrA, and Vcam) were strongly diminished in *Elp3*-deficient tumor cells ([Fig. 4 G](#fig4){ref-type="fig"}). Finally, in line with the previously described proinvasive role of LEF1 ([@bib49]; [@bib20]), its depletion indeed reduced the migration of MDA-MB-231 cells and also impaired their ability to grow as tumorspheres, similarly to ELP3 loss ([Fig. 4, H and I](#fig4){ref-type="fig"}; and not depicted). Together, these results demonstrate that loss of Elp3 impairs Lef1 expression at the protein level in PyMT breast tumor cells, and suggest that ELP3-dependent expression of LEF1 promotes breast cancer cell motility.

![**Elp3-deficient PyMT tumors lack a Lef1-dependent gene signature*.*** (A) Scatter plot of RNA-seq data obtained from in Elp3^CTR^PyMT and Elp3^ΔMEC^PyMT tumor cells. (B) RT-qPCR analysis was used to assess the expression of the indicated gens in Elp3^CTR^PyMT and Elp3^ΔMEC^PyMT tumor cells. Values represent mean ± SD of signals form three different mice, performed in triplicate (\*\*\*, P ≤ 0.001, Student's *t* test). (C) GSEA analyses of published metastasis- and invasion-related datasets for genes down-regulated in Elp3^ΔMEC^PyMT tumors. NES, normalized enrichment score with adjusted p-value for each enrichment plots. (D) GSEA analysis using Oncogenic Pathway database. NES and adjusted p-values are added for each enrichment dataset. (E) Enrichment plot of the Lef1 dataset (with NES and p-value). Heatmap of the top 20 genes down-regulated in Elp3^ΔMEC^PyMT from the Lef1 dataset. (F) Western blot analysis of Elp3, Lef1, and Ctu1 in similarly sized Elp3^CTR^PyMT and Elp3^ΔMEC^PyMT tumors (14 wk). (G) RT-qPCR analysis of Lef1 mRNA and its target genes (Pik3r5, Ephb2, PdgfrA, and Vcam). Values represent mean ± SD of signals from five different 14 wk tumors, performed in triplicate (\*, P ≤ 0.05, Student's *t* test). (H) LEF1, ELP3, and CTU1 protein levels in control (CTR) or LEF1-depleted (LEF1\#1 and LEF1\#2) MDA-MB231 cells were assessed by Western blot analysis. (I) Migration of control (shCTR) or LEF1-depleted (shLEF1\#1 and shLEF\#2) MDA-MB-231 cells toward a serum gradient was measured using Transwell assays. The results are expressed as number of migrating cells per field. Values represent mean ± SD of three independent experiments performed in triplicates (\*, P ≤ 0.05; \*\*, P ≤ 0.01, Student's *t* test).](JEM_20160397_Fig4){#fig4}

ELP3 regulates LEF1 IRES-dependent translation to promote breast cancer cell migration {#s06}
--------------------------------------------------------------------------------------

LEF1 protein levels correlated with those of ELP3 and CTU1/2 in two different cellular models of invasive breast cancer, further strengthening the link between LEF1 expression and U34 tRNA modification activity in transformed MECs. Indeed, prolonged TGFβ stimulation (for 13 d) of Py2T cells (extracted from PyMT tumors; TGFβ-long time-stimulated Py2T are referred as Py2T-LT), which has been shown to induce EMT-dependent cell motility ([@bib73]), increased Lef1, Elp3, Alkbh8, and Ctu1/Ctu2 mRNA and protein expression ([Fig. 5 A](#fig5){ref-type="fig"}). Similarly, this correlation was also observed in invasive MCF7-M cells as compared with their epithelial MCF7 counterpart cells ([Fig. 5 B](#fig5){ref-type="fig"}). Remarkably, ELP3 depletion in three cellular models of invasive breast cancer (MCF7-M, MDA-MB-231, and Py2T-LT) led to dramatically decreased LEF1 protein, but not mRNA levels ([Fig. 5, C and D](#fig5){ref-type="fig"}). U34 modification affects protein synthesis ([@bib2]; [@bib13]; [@bib59]), suggesting that LEF1 translational elongation may rely on ELP3. To assess changes in translational control upon ELP3 deficiency, we measured polysomal distribution in control or ELP3-depleted MCF7-M cells. ELP3 deficiency resulted in a decrease in the number of polysomes ([Fig. 5, E and F](#fig5){ref-type="fig"}), suggesting that a selective translation reprogramming takes place. We next quantified the global translation rates by ^35^S-methionine incorporation measurements. Interestingly, we found that ELP3 deficiency in MCF7-M cells reduced methionine incorporation, confirming that its absence globally affects total protein production ([Fig. 5 G](#fig5){ref-type="fig"}). Recent studies in yeast and nematodes demonstrated that loss of U34 tRNA modification triggers proteotoxic stress, compromises the clearing of stress-induced protein aggregates ([@bib47]), and leads to activation of the PERK-transduced UPR in the developing murine cortex ([@bib32]). In contrast, the absence of ELP3 in breast cancer cells did not lead to any increase in pPERK-related UPR pathway, nor to differences in the expression of the canonical translation initiation proteins (i.e., eIF4A, eIF4E, and eIF4G; unpublished data). To further investigate the possibility that ELP3 promotes LEF1 protein synthesis, we examined the distribution of the LEF1 mRNA in the polysomal fractions of control or ELP3-depleted MCF7-M. Remarkably, the abundance of LEF1 transcripts in the polysomal fractions was severely reduced and increased in subpolysomal fractions ([Fig. 5, H and I](#fig5){ref-type="fig"}), suggesting that LEF1 mRNA translation efficiency is reduced upon ELP3 depletion in MCF7-M cells. As a control, the distribution of GAPDH (high translation), PABP (low translation), and SNAIL (intermediate translation) transcripts remained unchanged upon ELP3 deficiency in MCF7-M cells (unpublished data). Similarly, LEF1 mRNA distribution, but not that of GAPDH, PABP, and SNAIL mRNAs, was also modified toward reduced abundance in polysomal fractions in ELP3-depleted MDA-MB-231 cells (unpublished data).

![**U34 tRNA modifications regulate LEF1 IRES translation to promote breast cancer cell migration.** (A) Western blot analysis of indicated proteins in Py2T cells (extracted from PyMT tumors) and Py2T-LT (idem and long-time stimulated with TGFβ). HSP90 is used as loading control. (B) Western blot analysis of LEF1 and ELP3 in MCF7 and MCF7-M cells. HSP90 is used as loading control. (C and D) ELP3 and LEF-1 protein (C) or mRNA (D) levels in control (CTR) or ELP3-depleted (ELP3\#1 and ELP3\#2) MCF7-M, Py2T-LT, and MDA-MB-231 cells as indicated. Values represent mean ± SD of three experiments performed in triplicate (\*, P ≤ 0.05; \*\*\*, P ≤ 0.001; ns, nonsignificant, Student's *t* test). (E) Representative polysome profiles of control (shCTR) or ELP3-depleted (shELP3\#1 and ELP3\#2) MCF7-M cells. (F) As in E, but translation efficiency, calculated as the ratio of polysomal (P) compared with subpolysomal fractions (S), is shown in the graph. Data are mean ± SD (*n* = 3 per group; \*, P ≤ 0.05, Student's *t* test). (G) MCF7-M cells were pulsed for 30 min with ^35^S-labeled methionine/cysteine. Incorporation of ^35^S into protein was quantified by scintillation counting and normalized to total amount of proteins. Data are mean ± SD (*n* = 3 biological replicates per group; \*, P ≤ 0.05, Student's *t* test). (H) Distribution of LEF-1--specific mRNA in polysome fractions quantified by RT-qPCR. Data are mean ± SD of three independent experiments performed in triplicates. (I) Quantification of LEF-1--specific translation efficiency by calculation of the ratio of polysomal (P) compared with subpolysomal (S) fractions. Data are mean ± SD (*n* = 3 per group; \*, P ≤ 0.05; \*\*\*, P ≤ 0.001, Student's *t* test). (J) Western blot showing FLAG and ELP3 expression in control (shCTR) or ELP3-depleted (shELP3\#1 and shELP3\#2) MDA-MB-231 cells stably expressing empty vector (EV), IRES-LEF1 cDNA (IRES-LEF1-FLAG), or LEF1 cDNA (LEF1-FLAG). Numbers represent ratios between the respective FLAG and HSP90 signals. (K) Migration of control or ELP3-depleted MDA-MB-231 cells stably expressing IRES-LEF1 cDNA (IRES-LEF1-FLAG) or LEF1 cDNA (LEF1-FLAG) toward a serum gradient was measured using Transwell assays. Representative pictures are shown. Quantification of migrating cells is also shown in the graph (right). Results are expressed as number of migrating cells per field. Values represent mean ± SD of three representative experiments performed in triplicates (\*, P ≤ 0.05; \*\*\*, P ≤ 0.001, Student's *t* test).](JEM_20160397_Fig5){#fig5}

We next investigated the mechanisms underlying the regulation of LEF1 translation by U34 tRNA modification. We hypothesized that tRNA-dependent decoding impairment during LEF1 mRNA translation leads to defective LEF1 protein production in ELP3-depleted cells. Surprisingly, a construct expressing the LEF1 open reading frame (ORF) cDNA was found insensitive to ELP3 depletion in MDA-MB-231 cells ([Fig. 5 J](#fig5){ref-type="fig"}, lanes 7--9), implying that ELP3 may indirectly regulate LEF1 translation. Previous studies demonstrated that oncogenic LEF1 translation is regulated through its 5′ UTR IRES sequence ([@bib22]; [@bib71]). We cloned the LEF1 5′UTR IRES-sequence upstream its ORF cDNA and expressed the LEF1 constructs containing (IRES-LEF1-FLAG) or not (LEF1-FLAG) its 5′ IRES sequence in control or ELP3-depleted MDA-MB-231 breast cancer cells. Remarkably, the presence of the IRES in the LEF1 5′ UTR was associated with a down-regulation of LEF1 protein expression in ELP3-depleted cells ([Fig. 5 J](#fig5){ref-type="fig"}, lanes 4--6). This experiment demonstrates that ELP3 indirectly controls LEF1 translation, through its 5′-IRES sequence. Finally, expression of the LEF1 construct lacking the 5′-IRES, which escaped ELP3-dependent regulation, could partially rescue the cell migration defects in ELP3-depleted MDA-MB-231 cells ([Fig. 5 K](#fig5){ref-type="fig"}). These data demonstrate that Elongator is critical to sustain LEF1 protein synthesis through its IRES to promote breast cancer cells motility.

The ITAF DEK is a direct target of U34 mcm^5^s^2^ tRNA modification {#s07}
-------------------------------------------------------------------

We next sought to investigate the missing mechanism linking U34 tRNA modification and IRES-LEF1 translation. The regulatory proteins that bind to the LEF1 IRES sequence, called ITAFs (IRES-trans-acting factors), have been identified in a proteomic analysis ([@bib70]). We analyzed the codon content of each of them and calculated the frequencies of the AAA, GAA, and CAA codons, which require the mcm^5^s^2^ U34 modification for decoding ([Fig. 6 A](#fig6){ref-type="fig"}). We hypothesized that some of the ITAFs that bind the LEF1 IRES sequence may be enriched in these codons and may rely on U34 tRNA modification for their translation. Among those, we found that the ITAF DEK was particularly enriched in U34 mcm^5^s^2^-sensitive codons, as compared with the expected frequencies calculated in the global human genome (i.e., 6.7%). Indeed, the mRNA sequence of DEK is composed at 19.9% of combined AAA/GAA/CAA codons ([Fig. 6 A](#fig6){ref-type="fig"}). Strikingly, ELP3 deficiency in MDA-MB-231 and MCF7-M cells correlated with decreased DEK protein but not mRNA levels, whereas no change in expression was observed for other IRES-LEF1 ITAFs ([Fig. 6, B--E](#fig6){ref-type="fig"}). DEK protein levels were similarly decreased after CTU1 depletion in MDA-MB-231 and MCF7-M cells, strengthening the requirement of U34 tRNA modification in supporting DEK protein synthesis ([Fig. 6, F--I](#fig6){ref-type="fig"}). We also assessed DEK expression in control and Elp3-deficient PyMT tumors and we observed a strong reduction in DEK protein levels, as judged by both Western blot and IHC experiments ([Fig. 6, J--L](#fig6){ref-type="fig"}). Finally, to formally validate this hypothesis, we generated a DEK cDNA sequence in which all AAA/GAA/CAA codons have been replaced by their cognate synonymous AAG/GAG/CAG codons (DEK-δAAA/GAA/CAA-FLAG), which do not require the U34 mcm^5^s^2^ tRNA modification for their translation ([Fig. 6 M](#fig6){ref-type="fig"}). Remarkably, although the expression of wild-type DEK (DEK-WT-FLAG) was decreased in ELP3- or CTU1-depleted MDA-MB-231 cells, the DEK-δAAA/GAA/CAA sequence escaped ELP3- and CTU1-dependent translation regulation ([Fig. 6 N](#fig6){ref-type="fig"}). Furthermore, LEF1 and DEK protein levels positively correlated in ELP3- or CTU1-depleted cells complemented with the DEK-δAAA/GAA/CAA construct ([Fig. 6 N](#fig6){ref-type="fig"}), suggesting that DEK expression regulates LEF1 protein levels. Together, these data demonstrate that U34 tRNA modification is required for DEK protein synthesis through its AAA/CAA/GAA codons. Moreover, these results suggest that reduced DEK expression impairs LEF1 protein translation and, consequently, breast cancer cells motility.

![**The ITAF DEK is a direct target of U34 tRNA modifications*.*** (A) Table of reported LEF1 ITAFs ([@bib70]). Proteins were ordered according to the combined frequency of AAA, GAA, and CAA codons in their ORF. (B) Western blot showing indicated proteins expression in control (shCTR) or ELP3-depleted (shELP3\#1 and shELP3\#2) MDA-MB-231 cells. HSP90 is used as loading control. (C) RT-qPCR assessing DEK mRNA levels in control or ELP3-depleted MDA-MB-231 cells. Values represent mean ± SD of three different experiments performed in triplicate. (D and E) Expression of LEF1 and DEK was assessed at protein levels by Western blot (D and F) and at mRNA levels by RT-qPCR (E and G) in control or ELP3-depleted MCF7-M cells. (F--I) DEK and LEF1 protein (F and H) and mRNA (G and I) expression were assessed in control or CTU-1--depleted MDA-MB-231 (F and G) and MCF7-M cells (H and I; \*\*\*, P \< 0.001, Student's *t* test). (J) Western blot showing DEK protein expression in extracts from Elp3^CTR^PyMT and Elp3^ΔMEC^PyMT primary tumors of similar size. HSP90 is used as loading control. (K) IHC staining for Dek expression in tumorigenic mammary glands from 7-wk-old Elp3^CTR^PyMT or Elp3^ΔMEC^PyMT mice. Images were generated from five different tumors/mouse, using three mice per condition. Representative images are shown. (L) The mean Dek-specific signal shown in M was quantified and plotted (mean values ± SD; Student's *t* test; \*\*\*, P \< 0.001). (M) Positions of AAA, CAA, and GAA codons were represented in the DEK ORF sequence. (N) DEK (FLAG), LEF1, ELP3, and CTU1 protein levels were assessed in control (shCTR), ELP3 (shELP3)-, or CTU1 (shCTU1)-depleted MDA-MB-231 stably expressing DEK-wild-type sequence (DEK-WT-FLAG) or a DEF mutant in which AAA, CAA, and GAA codons have been replaced by their synonymous codons (AGA, CAG, GAG, respectively; DEK-δAAA/GAA/CAA-FLAG).](JEM_20160397_Fig6){#fig6}

The ITAF DEK is required for IRES-LEF1 protein synthesis {#s08}
--------------------------------------------------------

DEK is essential for breast cancer cell invasion and metastasis ([@bib55], [@bib56]). Importantly, high levels of the prooncogene DEK in human breast tumors is associated with reduced metastasis-free survival ([Fig. 7 A](#fig7){ref-type="fig"}) and with high grades in human breast cancer ([Fig. 7 B](#fig7){ref-type="fig"}). DEK deficiency in MDA-MB-231 cells led to marked decrease in LEF1 protein but not mRNA levels ([Fig. 7, C--E](#fig7){ref-type="fig"}), which, together with previous evidences that DEK binds the LEF1 IRES sequence ([@bib70]), confirms a direct regulation of LEF1 by DEK in breast cancer. To further confirm the IRES-dependent regulation of LEF1 by ELP3 and DEK, we used a bicistronic construct with dual luciferase system in which the *Renilla* luciferase (RLuc) is used as the upstream cistron using cap-dependent translation, and firefly luciferase (FLuc) in the downstream position using cap-independent translation ([@bib22]; [@bib71]). The full-length LEF1 5′UTR sequence (1.178 kb) was inserted upstream the Fluc ORF ([Fig. 7 F](#fig7){ref-type="fig"}). Remarkably, the Fluc activity was significantly decreased upon ELP3 or DEK depletion in MDA-MB-231 cells compared with control cells, and no change was observed in Rluc activity ([Fig. 7, G and H](#fig7){ref-type="fig"}). To exclude cryptic promoter or alternative splicing occurrence, resulting in change of the bicistronic mRNA expression that could interfere with luciferase activity, we amplified PCR products from different regions of the bicistronic sequence and showed that their abundance did not vary between control and ELP3- or DEK-depleted cells ([Fig. 7, I and J](#fig7){ref-type="fig"}). Also, using a promoter less bicistronic construct, we confirmed that no alternative transcript could be produced, leading to a strong (almost complete) reduction of the Fluc activity, and production of transcripts ([Fig. 7, K--M](#fig7){ref-type="fig"}). We finally found that DEK depletion strongly affects cell migration in MDA-MB-231 cells ([Fig. 7 N](#fig7){ref-type="fig"}), further strengthening our model that the ELP3-dependent regulation of DEK, which is required for LEF1 protein synthesis promotes breast cancer cells motility.

![**The ITAF DEK is required for IRES-LEF1 protein synthesis.** (A) Kaplan-Meier curves showing distant metastasis-free survival according to DEK mRNA expression using GOBO (Gene expression-based Outcome for Breast cancer Online; [@bib60]). Black, low expression; gray, medium expression; red, high expression (n represents the number of patients included in the analysis). (B) Box plot graph showing DEK mRNA expression in breast cancers of different grades according to GOBO. (C) Western blot showing expression of indicated proteins in MDA-MB-231 cells transfected with esiRNAs control or targeting DEK. (D) Same as C, but detecting LEF1 and DEK mRNA levels by RT-qPCR. (E) Western blot showing expression of indicated proteins in MDA-MB-231 cells stably expressing shRNA control or specific to DEK (DEK\#1 and DEK\#2). (F--H) Luciferase reporter assay using a bicistronic *Renilla* luciferase-IRES-LEF1-firefly luciferase construct (i.e., pRSTF-LEF1) in control (CTR) and ELP3- (G) or DEK-depleted (H) MDA-MB-231 cells (ELP3\#1, ELP3\#2 and DEK\#1, and DEK\#2). Values represent mean ± SD of three independent experiments performed in triplicate. (I and J) RT-qPCR showing the ratio of mRNA levels of the firefly amplicon (Fire1), selected close to the AUG initiation codon, on two *renilla* amplicons (Ren1 and Ren2) in control (CTR) and ELP3- (G) or DEK-depleted (H) MDA-MB-231 cells (ELP3\#1, ELP3\#2 and DEK\#1, and DEK\#2). Values represent mean ± SD of three independent experiments performed in triplicate. (K and L) Luciferase reporter assay using pRTSF-LEF1 construct or the corresponding promoterless construct pRSTF-LEF1^ΔSV40^ in MDA-MB-231 cells. Data are expressed as the relative light unit of firefly, normalized to β-gal levels, as a control of transfection efficiency. Values represent mean ± SD of three different experiments performed in triplicate. (M) RT-qPCR showing mRNA levels of the firefly mRNA normalized to GAPDH levels in MDA-MB-231 cells, transfected with pRSTF-LEF1 or pRSTF-LEF1^ΔSV40^. Values represent mean ± SD of three different experiments performed in triplicate. (N) Migration of control (shCTR) or DEK-depleted (DEK\#1 and DEK\#2) MDA-MB-231 cells toward a serum gradient was measured using Transwell assays. The results are expressed as number of migrating cells per field. Values represent mean ± SD of three independent experiments performed in triplicates.](JEM_20160397_Fig7){#fig7}

ELP3, DEK, and LEF1 protein levels correlate in human breast cancer patients {#s09}
----------------------------------------------------------------------------

Having established that ELP3 promotes the expression of the DEK--LEF1 axis to support breast cancer cell invasion and metastasis, we further assessed the expression of these proteins in extracts from various breast cancer cell lines. Interestingly, we found that ELP3, DEK, and LEF1 protein levels correlated in breast cell lines, whereas no correlation was found with the transcription factor TCF3 ([Fig. 8, A and B](#fig8){ref-type="fig"}; and not depicted). We then tested if such correlation could be highlighted in samples from human breast cancer patients. Samples were collected from different subtypes of human breast cancer (i.e., ER+, HER2+, and Triple-negative breast cancers), and protein levels of ELP3, DEK, and LEF1 were quantified. Remarkably, the expressions of ELP3, DEK, and LEF1 were significantly correlated in human breast cancer patients ([Fig. 8, C--E](#fig8){ref-type="fig"}). Interestingly, this correlation was observed independently of the breast cancer subtype ([Fig. 8 F](#fig8){ref-type="fig"}), suggesting that the integrity of ELP3 is critical for the expression of the DEK--LEF1 axis as a general molecular pathway relevant in any human breast cancer. Finally, we searched in silico for breast cancer-related gene expression datasets with links to outcome. The [GSE26971](GSE26971) ([@bib14]), [GSE11121](GSE11121) ([@bib62]), and [GSE2990](GSE2990) ([@bib68]) datasets containing 256, 200, and 95 cases, respectively, showed that elevated concomitant expression of ELP3-DEK-LEF1 was associated with reduced metastasis-free survival ([Fig. 8, G--I](#fig8){ref-type="fig"}). Together, these data validate our molecular model and indicate that U34 tRNA modification supports the translational elongation of DEK and the subsequent IRES-dependent LEF1 translational initiation during metastasis.

![**Expression of ELP3, LEF1, and DEK correlates in human breast cancer patients.** (A) Western blot analysis of ELP3, LEF1, and DEK protein levels in the indicated human breast cancer cell lines. HSP90 is detected for normalization purpose. (B) Expression values (relative OD) of all human breast cancer samples were plotted and paired correlations were calculated. The table summarizes the correlation values (R). (C--E) ELP3, LEF1, and DEK protein levels were assessed in ER^+^ (C), HER2^+^ (D), and Triple-negative breast cancer (TNBC; E) human breast cancer samples. α-Tubulin and HSP90 were used as loading controls. (F) Expression values (relative OD) of all human breast cancer samples were plotted and paired correlations were calculated. The table summarizes the correlation values (R). (G--I) Kaplan-Meier curves for distant metastasis-free survival to all sites according to concomitant ELP3, DEK, and LEF1 mRNA expression, using GEO accession nos. [GSE26971](GSE26971) (G), [GSE11121](GSE11121) (H), [GSE2990](GSE2990) (I) datasets of breast cancer patients. Patients were stratified into low and high expression based on autoselect best cutoff. Green, low expression; red, high expression. P-values were calculated with log-rank (Mantel--Cox) test.](JEM_20160397_Fig8){#fig8}

DISCUSSION {#s10}
==========

The mechanisms supporting tumor cellular adaptation impact on metastasis formation and patient outcome ([@bib72]; [@bib28]). Here, we show that U34-modifying enzymes Elp3 and Ctu1/2, which catalyze the mcm^5^s^2^-U34 tRNA modification, are up-regulated in human breast cancer samples, as well as in models of invasive breast cancer cells, and support breast cancer metastasis. The genetic ablation of *Elp3* in PyMT-induced metastatic breast cancer dramatically reduces metastases formation in mice and affects leader cells invasion in ex vivo culture of mammary tumors. Mechanistically, we demonstrate that the ITAF protein DEK, enriched in AAA, GAA, and CAA codons, requires ELP3 and CTU1 for its translational elongation, which in turn promotes IRES-dependent translational initiation of LEF1 to support motility (see model in [Fig. 9](#fig9){ref-type="fig"}). Finally, the expression of ELP3, DEK, and LEF1 correlates in breast cancer patient samples and is associated with high risk of developing metastasis. Therefore, our results highlight the importance of the U34 tRNA-modifying enzymes in establishing a proinvasive signature in breast cancers by linking the tRNA-dependent translation of an ITAF to the IRES-dependent translation of a key oncogenic protein.

![**Model for the implication of the U34 tRNA modifications in breast cancer metastasis.** The U34 tRNA-modifying enzymes ELP3 and CTU1/2 are induced in models of invasive breast cancer and are critical for the translation of DEK, which in turn regulates the IRES-dependent translation of the oncogenic LEF-1 mRNA to promote breast cancer cells motility and metastasis. This mechanism is essential for the establishment of a LEF-1--dependent prometastatic genes signature in breast tumors.](JEM_20160397_Fig9){#fig9}

We found that expressing the oncoprotein PyMT in mammary epithelial cells led to up-regulation of ELP3, ALKBH8, and CTU1/2, which correlated with enhanced tRNA thiolation. PyMT activates both RAS and PI3K pathways ([@bib58]; [@bib75]). How the activation of the oncogenic RAS--PI3K pathways leads to increased expression of U34 tRNA-modifying enzymes deserves further investigation. Interestingly, global tRNA levels are significantly increased in tumors compared with normal tissues in the breast ([@bib53]; [@bib15]). Also, many oncogenic pathways, including RAS--PI3K--dependent cascades converge on RNA Polymerase III, responsible for tRNA production ([@bib16]). As substrates of the U34 tRNA modification enzymes, increased tRNA levels could directly or indirectly induce U34 modification enzymes levels and/or activation. Understanding the relationship between U34 modification enzymes and their substrates in cancers is an area that still needs to be studied.

In a model of intestinal cancer, we previously showed that Elp3 is induced upon constitutive Wnt signaling and sustains a pool of Lgr5^+^/Dclk1^+^/Sox9^+^ cancer stem cells to promote tumor initiation ([@bib30]). In breast cancer, recent studies showed that Wnt signaling is concentrated in the breast cancer stem cells population and is required for metastasis, but dispensable for primary tumor growth ([@bib39]; [@bib4]; [@bib21]). *Elp3* deficiency in the PyMT-induced breast cancer model slightly impacted on tumor appearance (2 wk delay) but led to a strong reduction of lung metastases. Moreover, we found that LEF1 expression, a mediator of Wnt-induced cellular invasion and metastasis ([@bib49]; [@bib4]), relies on ELP3 and CTU1. These data suggest that Wnt signaling involves Elp3 and U34 tRNA modification to promote breast cancer metastasis.

LEF1 mRNA translation depends on U34 tRNA modification for its synthesis in PyMT tumors, as well as in various breast cancer cell models. Downstream of the Wnt--TCF pathway, Lef1 promotes lung adenocarcinoma metastasis ([@bib49]), mediates chemotactic invasion ([@bib20]), and is associated with colon cancer progression and metastasis ([@bib74]). Our data support these conclusions, as LEF1 depletion in breast cancer cells strongly decreases their chemotactic potential in a manner similar to ELP3 deficiency. Unexpectedly, we found that U34 modification enzymes regulate LEF1 protein expression through an IRES-dependent mechanism. Strikingly, the oncogenic LEF1 mRNA was shown to mainly use a cap-independent mechanism for translation and to be produced via IRES-directed translation ([@bib22]; [@bib71]). Interestingly, recent studies described that IRES-mediated translation of Laminin B1 is enhanced during malignant EMT ([@bib54]) and that VEGF-C IRES-dependent translation was higher in metastatic tumor cells than in the primary tumors ([@bib43]), suggesting that IRES-dependent translation could support cancer progression and metastasis. Our data link tRNA modification to IRES-dependent translation initiation. Surprisingly, the expression of other proteins whose translation has been described to require a specific IRES sequence (i.e., c-MYC, c-IAP, VEGF-α, CDK1, SRC, and EGFR) was also tested and was not found to be ELP3 or DEK dependent (unpublished data). Further studies are required to explore whether U34 modification enzymes promote a more general translation initiation of IRES-containing transcripts.

We define the ITAF protein DEK as a direct substrate of the mcm^5^s^2^ modified tRNAs. Our results show that ELP3 and CTU1 are critical for DEK protein expression in PyMT tumors as well as in cellular models of invasive breast cancer. DEK is an oncogenic protein whose expression is elevated in several solid tumors ([@bib29]; [@bib27]; [@bib64]), including breast cancer where DEK expression is correlated with clinical features of the disease ([@bib76]; [@bib38]). A recent report demonstrated that DEK supports breast cancer metastasis in vivo through promotion of β-catenin signaling ([@bib56]). Functionally, DEK is predominately found in the nucleus, but a pool of DEK also binds to cytoplasmic mRNAs ([@bib41]; [@bib25]; [@bib34]; [@bib66]). More particularly, DEK was identified as a protein bound to the LEF1-IRES sequence in a proteomic analysis ([@bib70]). We establish a functional link between the ITAF DEK and the regulation of LEF1 IRES-dependent translation in breast cancer models as DEK depletion impairs LEF1 protein production, without affecting LEF1 mRNA levels. Remarkably, the expression of ELP3, DEK, and LEF1 was significantly correlated in samples of breast cancers and is associated with a higher risk of developing metastasis. Together, these results demonstrate that Elp3, through U34 tRNA modification, is critical for the translation of DEK mRNA to promote IRES-dependent translation of LEF1 and to support breast cancer invasion and metastasis.

The activity of the Elongator complex is required for cell migration of multiple primary and transformed cells ([@bib7], [@bib8]; [@bib23]; [@bib9]; [@bib33]). Our data show that invasive breast cancer cells that underwent EMT show elevated levels of U34 modification enzymes. Surprisingly, EMT maintenance does not rely on them, as the expression of mesenchymal markers (i.e., Vimentin, Slug, Zeb1, and Twist) and the percentage of CD44^+^/CD24^−^ cells were not changed upon ELP3 or CTU1 deficiency (unpublished data). Importantly, depletion of ELP3 or CTU1 in invasive breast cancer cells drastically reduces their migratory and tumorsphere formation capacities, two typical features of mesenchymal-like cells. In PyMT tumors, the number of K14^+^ cells, which have undergone basal differentiation and support tumor invasion ([@bib6]; [@bib77]), is not significantly reduced upon Elp3 deficiency (unpublished data). These data suggest that U34 modification enzymes are crucial for the motility of cells that have undergone EMT, whereas they are dispensable for the maintenance of the EMT program.

The molecular functions of Elongator have been the subject of extensive debate. Interestingly, a recent study biochemically established that Elp3 is a tRNA acetyltransferase that catalyzes the addition of 5′-carboxymethyluridine (cm^5^U) on tRNA molecules, through its KAT (lysine acetyltransferase) and radical SAM (S-adenosylmethionine) domains ([@bib63]). We show here that ELP3, as well as its partner enzymes in U34 tRNA modification CTU1/2, are up-regulated in breast cancers as well as upon induction of invasiveness in breast cancer cells. Moreover, our data identify DEK as a translational target of the mcm^5^s^2^ tRNA modification. Indeed, the DEK transcript sequence is highly enriched in the target AAA, GAA, and CAA codons. Strikingly, the replacement of the mcm^5^s^2^-tRNA-sensitive codons in the DEK sequence by their cognate, U34 modification--insensitive, synonymous codon is sufficient to restore DEK protein expression in ELP3-deficient cells. This formally demonstrates that Elongator regulates DEK protein levels through U34 mcm^5^s^2^ tRNA modification. This is further strengthened by the fact that depletion of CTU1 in invasive breast cancer cells perfectly phenocopies Elp3 deficiency; it also affects DEK protein but not mRNA expression levels and strongly reduces breast cancer cells motility, as well as their ability to grow as tumorspheres. Taken together, these results show that the tRNA modification function of Elongator is critical to promote breast cancer cell invasion and metastasis. It is likely that the lack of U34 tRNA modification affects the expression of other proteins than DEK, which could be essential for invasion and metastasis. A better understanding of the criteria that define a U34 tRNA modification mRNA substrate, as well as high-throughput proteomic analysis, are essential to provide a general view of their contribution in cancer.

Little is known about the role of U34 modification in cancer. Recently, we demonstrated that Elp3 is induced upon Wnt signaling activation and promotes Wnt-driven tumor initiation in the intestine ([@bib30]). We now highlight the specific regulation of U34 modifications in invasive breast cancer cells and demonstrate their crucial role in promoting breast cancer invasion and progression to metastasis. Further studies are needed to define the oncogenic pathways that rely on U34 modification activity to support cancer development and progression. This still poorly studied enzymatic cascade may reveal very promising features relevant for the development of future anticancer therapies.

MATERIALS AND METHODS {#s11}
=====================

Plasmids, constructs, and antibodies {#s12}
------------------------------------

The LEF1-WT-FLAG, IRES-LEF1-FLAG, DEK-WT-FLAG, and DEK-δAAA/GAA/CAAA-FLAG sequences were cloned into LeGO-iG2 vector (GeneScript). The pRSTF-LEF1 bicistronic construct and pRSTF-LEF1^ΔSV40^ was a generous gift of M. Waterman (University of California, Irvine, CA). pBABE-Hygro control and pBABE-PyMT plasmids were obtained from Addgene ([@bib57]). Antibodies used for Western blotting were as follows: monoclonal anti-ELP3, anti-LEF1, anti-HUR and polyclonal anti-pAKT, and anti-AKT (Cell Signaling Technology); monoclonal anti-hnRNPA1 and polyclonal anti-ELP1, anti-HSP90, and anti-TCF3 (Santa Cruz Biotechnology, Inc.); monoclonal anti-CTU2 and polyclonal anti-ALKBH8, and anti-CTU1 (Abcam); monoclonal anti-Vimentin (Dako); monoclonal anti--E-cadherin and anti--N-cadherin (BD); polyclonal anti-FLAG and anti-hnRNPC (Sigma-Aldrich); and polyclonal anti-SFPQ/PSF, anti-NONO, anti-hnRNPK, and anti-YB1 (Bethyl).

Cell culture, transfections, and infection {#s13}
------------------------------------------

Cells were typically grown in Dulbecco's modified Eagle's Medium (Gibco) containing 10% of fetal bovine serum and 1% glutamine, under humidified 5% CO~2~ atmosphere. MCF7-M cells were produced by nonadherent (Mammocult medium) culture of MCF7 cells for 4 wk, with weekly passages. They were then cultured in DMEM 10% FBS in adherent conditions. Cells of maximum eight passages were used to make sure the mesenchymal phenotype is kept intact. MDA-MB-231, MCF7, and NMuMG cells were obtained from the ATCC. The Py2T cell line was a generous gift from G. Christofori (University of Basel, Basel, Switzerland) and was previously described ([@bib73]). Py2T cells were stimulated for 15 d with TGF-β at 2 ng/ml (R&D Systems) to generate Py2T-LT cells.

Cells were transfected with esiRNA control or targeting DEK mRNA, using Mirus and Optimem (Thermo Fisher Scientific), according to the protocol specified by the manufacturer. Medium was changed after 18 h and cells were lysed after 48 h.

The shRNAs control or targeting ELP3, CTU1, or LEF1 were purchased from Sigma-Aldrich. Lentiviral infections in MCF7-M, Py2TLT, or MDA-MB-231 cells were performed as previously described ([@bib9]).

pBABE-WT or pBABE-PyMT were transfected in phoenix-ECO cells (ATCC) using Mirus and Opti-MEM (Thermo Fisher Scientific). After 48 h, the supernatants were used to transduce NMuMG cells.

Generation of Elp3^ΔMEC^PyMT mouse {#s14}
----------------------------------

*Elp3^loxP/loxP^* mouse was generated as previously described ([@bib30]). The MMTV-CRE mouse strain was a gift from T. Hochepied (UGent-VIB Research, Ghent University, Ghent, Belgium). The constitutive KO allele was obtained after CRE-mediated recombination. Mice were backcrossed to the FVB/N genetic background for eight generations. The *MMTV-PyMT* mouse (FVB/N-Tg\[MMTV-PyVT\]634Mul/J) was purchased from The Jackson Laboratory. To delete *Elp3* in the mammary epithelium, the *Elp3^loxP/loxP^* was crossed with the *MMTV^CRE/+^*strain (Elp3^ΔMEC^). All experiments were approved by the local Ethical Committee (University of Liège, Liège, Belgium).

RNA isolation and RT-qPCR {#s15}
-------------------------

Total RNA was extracted from PyMT breast tumors using TRIzol (Life Technologies) and from indicated cell lines using RNeasy mini kit (QIAGEN) according to the manufacturer's protocol and treated with DNase I (Roche). For cDNA synthesis, 1 µg of RNA was reverse transcribed using the RevertHaid H Minus First Strand kit (Thermo Fisher Scientific). Real-Time Quantitative PCR (RT-qPCR) was performed with LightCycler 480 (Roche), using 1 µl of cDNA newly synthetized and Sybrgreen (Sybr Premix Taq, ROX Plus; Takara Bio Inc.), in a final mix of 20 µl. Each quantification of mRNA was done using an endogenous control gene for normalization (glyceraldehyde-3-phosphate dehydrogenase \[GAPDH\]). Data are plotted as mean values ± SD of three independent experiments performed in triplicates. All primer sequences used are available upon request.

Northern blot analysis {#s16}
----------------------

0.5 µg total RNA was resolved on 8% acrylamide gels containing 0.5X TBE, 7 M urea, and 50 µg/ml (\[N-acryloylamino\]phenyl)mercuric chloride (APM). Northern blot analysis was performed essentially as previously described ([@bib35]), with the following probe for tE(UUC): 5′-TTCCCATACCGGGAGTCGAACCCG-3′.

Migration assay {#s17}
---------------

Cells were grown for 24 h in 1% FBS DMEM medium. Cells were then trypsinized, counted, resuspended in 1% FBS DMEM medium and placed in a Transwell insert (Costar; 10^4^ MDA-MB-231 cells and 2 × 10^4^ MCF7-M cells). The well was filled with 10% FBS DMEM medium. After 24 h, migrating cells were fixed and colored with Methanol 80% crystal violet for 10 min. Cells on the upper side of the filters were removed with cotton-tipped swabs and the filters were washed with PBS. Cells on the underside of the filters were viewed and quantified; five representative pictures per insert were taken. Each experimental condition was performed in triplicate. Data are plotted as mean values ± SD of three independent experiments.

Tumorsphere assay {#s18}
-----------------

Cells were resuspended in MammoCult medium human kit (STEMCELL Technologies), supplemented with Heparin (4 µg/ml; STEMCELL Technologies) and Hydrocortisone (0.5 µg/ml). Cells were then counted and cells (10^4^ cells for MDA-MB-231, 2 × 10^4^ cells for MCF7-M) were placed in an Ultra-low adherent culture dish (STEMCELL Technologies) with the same medium. After 7 d, number of tumorspheres was counted and representative pictures were taken for each condition. Each experimental condition was performed in triplicate. Data are plotted as mean value ± SD of three independent experiments.

Immunohistochemistry {#s19}
--------------------

For IHC analyses, samples were fixed overnight in 4% formalin solution and embedded in paraffin. Briefly, 3-µm-thick sections of FFPE tumors were deparaffinized and antigen retrieval was performed by boiling the sections in citrate buffer at pH 6.0 or EDTA at pH 9.0 for 20 min. Primary antibodies used were as follows: monoclonal anti-Elp3 (Cell Signaling Technology), polyclonal anti-Dek (Bethyl Laboratories), and monoclonal anti-Ctu1 and anti-Ctu2 (Abcam). Corresponding secondary antibody detection kits for reduced background on murine tissue were used (Histofine Simple Stain Mouse MAX PO; Medac) and stained on an automated stainer (LabVision Autostainer 480S; Thermo Fisher Scientific). All slides were scanned with a Panoramic 250 slide scanner (3DHISTECH Ltd.).

For quantification of IHC signals, total H-DAB--positive areas of each slide were calculated using the ImageJ software. Specifically, H-DAB positivity was quantified from the transformed images by ImageJ IHC Toolbox. Measurements were calculated in pixels. Data are expressed as percentage of H-DAB--positive pixels on total corresponding tissue structure pixels per slide.

Ex vivo organoid culture assay {#s20}
------------------------------

Tumors of similar size were isolated from 9-wk-old mammary gland of control or *Elp3*-deficient PyMT mice. Tumors were chopped and placed for 15 h at 37°C, shacking at 125 rpm, in DMEM-F12 10% Gentle Collagenase (STEMCELL Technologies) for chemical digestion. Digested samples were then shacked and centrifuged at 1,000 rpm. The pellets were resuspended with 1:4 of mixture of HBSS (STEMCELL Technologies) supplemented with 2% of FBS and ammonium chloride (STEMCELL Technologies) and centrifuged. The pellets were then placed in DMEM-F12 FBS 5% and filtered through a 70-µm filter. The remaining solution was then centrifuged at 1,000 rpm for 5 min and the pellet was used for 3D collagen I culture. Organoids were cultured ex vivo in 3D collagen I culture kit (EMD Millipore) for 24 h. Pictures of organoids were taken using a Leica DMIL microscope. Quantification of leader cell was done on three different mice for each experimental condition (Elp3^CTR^PyMT and Elp3^ΔMEC^PyMT). Mean lengths of leader cells were measured using the ImageJ software, on the same pictures. Representative organoids were stained with DAPI and Rhodamine-phaloidine (R415; Life Technologies) by immunofluorescence using the SP5 confocal microscope Leica.

RNA sequencing {#s21}
--------------

Tumor organoids were extracted from PyMT tumors of similar size, in three different mice for each experimental condition and use for the generation of unicellular suspension. The organoid pellets were then trypsinized in 2 ml Trypsin-EDTA 0.25% for 5 min, centrifuged, and resuspended in prewarmed Dispase (5 mg/ml) and 0.2 ml of DNase I (1 mg/ml; STEMCELL Technologies). The samples were then centrifuged and resuspended in DMEM-F12 FBS 10% to form unicellular suspension. The EasySep Mouse Mammary Epithelial Cell Enrichment Kit (STEMCELL Technologies) was used to select epithelial cells. Total RNAs from mammary epithelial tumor cells were extracted using TRIzol (Life Technologies), according to the manufacturer's protocol. RNA integrity was verified on the Bioanalyser 2100 with RNA 6000 Nano chips, and RIN scores were \>9 for all samples. The Illumina Truseq RNA Sample Preparation kit V2 was used to prepare libraries from 500 ng total RNAs. PolyA RNAs were purified with polyT-coated magnetic beads, chemically fragmented, and used as template for cDNA synthesis using random hexamers. cDNA ends were subsequently end-blunted, adenylated at 3′OH extremities, and ligated to indexed adaptors. Finally, the adapters ligated library fragments were enriched by PCR following Illumina's protocol and purified. Libraries were validated on the Bioanalyser DNA 1000 chip and quantified by qPCR using the KAPA library quantification kit. Sequencing was performed on HiSeq2000 in paired-end 2 × 100 base protocol. For data analysis, Fastq files were not trimmed for adaptor sequences. The reads were aligned with Tophat 2.0.9 to the mouse genome mm10. Cufflinks 2.1.1 suite was used to normalize data and generate FPKM values and CuffDiff was used to identify significantly differentially expressed genes. Generated lists were used to run GSEA was used in order to match various gene sets curated from the literature. Data is available from GEO under accession no. [GSE85810](GSE85810){#dblnk129fbfc2-5840-76fb-b82f-29d7d5fa5d50}.

Polysome profiling {#s22}
------------------

5 × 10^6^ cells were lysed in ice-cold 150 mM NaCl, 5 mM MgCl~2~, 15 mM Tris, pH 7.5, and 0.1 mg/ml cycloheximide, containing Superase-In 25 U/ml (Life Technologies), and supplemented with 1% Triton X-100. Lysates were then layered into 10 ml 10--50% (wt/vol) sucrose gradient containing the same buffer without Triton X-100. Gradients were centrifuged at 38,000 rpm, 4°C for 2 h using SW41Ti rotor (Beckman Coulter) and fractionated through a live UV detector (Teledyne Isco), with detection at 254 nm. Comparison between peaks was done based on the area under the curve. RNA from different fractions was precipitated using guanidine hydrochloride 7.7 ml and ethanol. After centrifugation, total RNAs were resuspended in distillated H~2~O and transferred in 3 M sodium acetate, pH 5.2, and Ethanol. After centrifugation and EtOH 75% wash, the pellets were air-dried and resuspended in nuclease-free water.

Global protein synthesis determination assay {#s23}
--------------------------------------------

Cells were treated with 16.5 µCi/ml ^35^S-methionine radiolabeled (NEG072; Perkin-Elmer) for 30 min in a prewarmed DMEM medium 10% dialyzed FBS and lysed. Precipitated proteins were concentrated on a filter paper using trichloroacetic acid 25%, and washed with EtOH 70% and with acetone. Result was obtained by scintillation of triplicates in each experimental condition. Total protein determination in each condition (Thermo Fisher Scientific) was done for standardization between conditions. Data are plotted as mean values of three independent experiments ± SD.

Luciferase reporter assay {#s24}
-------------------------

2 × 10^5^ MDA-MB-231 cells were plated in 6-wells plate. Cells were transfected with the bicistronic construct *Renilla*-firefly (0.5 µg), containing SV40 promoter (pRSTF-LEF1) or not (pRSTF-LEF1^ΔSV40^), using Mirus. Firefly and *Renilla* luciferase activities were measured 24 h after transfection using Dual-Luc Reporter kit (Promega). Firefly signals were normalized using *Renilla* and β-galactosidase. Data are plotted as mean values of three independent experiments ± SD, performed in triplicates.

Human samples {#s25}
-------------

Samples from breast cancer patients were retrieved from Biothèque of the University of Liege (Belgium). The study was conducted according to the regulation of the Ethics Committee and the specimens were anonymized and analyzed in a blinded manner.

The Kaplan-Meier survival curves were plotted with publicly deposited gene expression data (EGA and TCGA), using Kaplan-Meier plotter and GOBO, which integrates statistical analysis. The percentiles of the patients between the upper and lower quartiles were autoselected based on the computed best performing thresholds as cutoffs. 221094_s\_at, 200934_at, and 221557_s\_at probe sets were used in all analyses for ELP3, DEK, and LEF1, respectively.
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